ABSTRACT
arly human immunodeficiency virus type 1 (HIV-1) infection is characterized by rapid and substantial depletion of both activated and resting CD4 T cells (1) . The acute phase of both human HIV-1 infection and simian immunodeficiency virus (SIV) infection of macaques is characterized by Ն90% of viral RNA ϩ cells displaying a resting phenotype (2) . It is during this stage that the main HIV-1 reservoir and source of virus rebound in vivo is established in resting memory T cells. Latency can be directly established upon infection of resting CD4 T cells (3) (4) (5) (6) (7) . In comparison to that in activated T cells, HIV-1 infection is inefficient in resting CD4 T cells in vitro (8) (9) (10) . Multiple blocks have been described for key steps of HIV-1 infection in resting CD4 T cells, including inefficient reverse transcription (RT), nuclear import, integration, transcription, and virus release (for review, see references 11 and 12) .
In vitro study of HIV-1 infection of resting CD4 T cells has relied predominantly on cells drawn from peripheral blood, which is conveniently sampled from both uninfected and infected individuals. However, common culture methods which deprive the cells of survival factors such as hormones and cytokines normally present in circulation create a nonphysiological situation of increased stress (13, 14) which could exacerbate resting CD4 T cell resistance to infection. Common gamma-chain cytokines (CGCC), such as interleukin-7 (IL-7), IL-2, IL-15, and IL-4, are present at steady state (IL-7) to maintain T cell survival (15, 16) and homeostasis (17) or during immune responses to assist cell proliferation, activation, and differentiation (IL-2, IL-4, and IL-15). When treated with these cytokines in vitro, resting peripheral blood CD4 T cells become more permissive to HIV-1 infection (4, 18, 19) . HIV-1 replication in vivo occurs predominantly in lymphoid tissues (LT) and mucosa where IL-7 (20) and are abundant. Cells drawn from LT are highly infectible ex vivo (22) . Interestingly, T cell activation appears low to nonexistent under the influence of these factors (4, 19) , and we have utilized IL-4 to assist infection of blood-derived cells to function as an in vitro model of HIV-1 replication and latency in resting CD4 T cells (4) . However, it is still unclear which effects of cytokine treatment permit HIV-1 productive infection in resting CD4 T cells (18) .
Several years ago, the presence of apoptotic cells that were not productively infected with HIV-1 was observed in lymphoid organs, suggesting HIV-1-mediated bystander killing (23) . Several mechanisms for HIV-1-induced bystander killing have been reported, involving various HIV-1 and immune components, including the Vpr protein (24) (25) (26) (27) (28) . Recently, it has been demonstrated that failure to complete reverse transcription (abortive infection) triggers cell death of resting CD4 T cells within tonsil cell explants (43, 63) . In this system, early products of HIV-1 reverse transcription triggered a cascade of proinflammatory events leading to resting, but not activated, T cell death by caspase 1-dependent pyroptosis.
In the present study, we show that the productive infection of resting peripheral blood CD4 T cells is to a large extent limited by HIV-1-induced cell death. We observed that this death was triggered by both RT-dependent and Vpr-dependent pathways. T cell death presented features of apoptosis, with early cytochrome c release and caspase 3/7 activation. This killing could be immediately aborted by submitogenic cytokine treatment added contemporaneously with, or after, infection. Although cytokines very modestly enhanced early HIV-1 replication steps, including reverse transcription, cytokine treatment blocked cell death even in the absence of RT completion. In these cells, artificially aborting HIV-1 reverse transcription did not increase cell death, and increasing HIV-1 RT efficiency with SIV Vpx provided only a modest increase in cell survival. Thus, our data suggest that HIV-1-induced T cell death during the early steps of infection of resting peripheral blood CD4 T cells is a primary cause of abortive infection, rather than the other way around. Strategies aiming to prevent T cell depletion by suppressing programmed cell death might lead to an enhancement of HIV-1 infection and potentially to an increase in the HIV-1 reservoir.
MATERIALS AND METHODS
Viruses and VLPs. Schematics of reporter viruses and virus-like particle (VLP) genomes are shown in Fig. 1 . NLENG1-ESI (29), NLENHSA-ESI (30), NLHGESI (4), and Y1I⌬RT⌬Vpr (RT-N136Y) (4) have been previously described. NLENG1-ESI is referred to as "G1ESI" in figures for space reasons. All green fluorescent protein (GFP) and heat-stable antigen (HSA) reporter viruses were restricted to a single round of infection by mutation of the env gene and were pseudotyped with HIV-1 Envelope provided by cotransfection of 293T producer cells with an NL4-3 envelope expression plasmid as previously described (29) . Y1I⌬RT⌬Vpr-p6X was constructed from Y1I-RT-N136Y by ablation of vpr through insertion of the HSA/vpr region from NLHGESI and replacement of the p6gag amino acid 17 to 26 coding region with the corresponding coding sequence from SIVmac239, based on virus SIVp6 17-26 from reference 31. This virus-like particle (VLP) packages Vpx protein following cotransfection with a Vpx expression vector, pCI-Vpx. pCI-Vpx was constructed by inserting the Vpx coding region from SIVmac239 into the expression vector pCI (Promega).
Cells. CD4 ϩ T cells were isolated by negative selection of healthy HIVnegative donor peripheral blood using the Dynabeads Untouched magnetic separation kit (Invitrogen) as previously described (29) . Blood was purchased from the New York Blood Center. CD4 ϩ T cells were typically Ն99% CD25 Ϫ CD69 Ϫ CD38 dim HLA-DR Ϫ quiescent cells. CD4 ϩ T cells were cultured at 2 ϫ 10 6 cells per ml in Advanced RPMI 1640 (Life Technologies) with 10% fetal bovine serum (Atlanta Biologicals) plus 1% penicillin and streptomycin (Life Technologies), 1% L-glutamine (HyClone), and 50 M ␤-mercaptoethanol (Sigma). IL-7 (2 ng/ml; BioLegend) or IL-4 (12.5 ng/ml; R&D Systems) was added once on the day of infection or
FIG 1
Schematics of viruses used in this study. Viruses in panels A to C have been described previously (24, 29) . Y1I⌬RT⌬Vpr-p6X is described in Materials and Methods. Note that for panels C and D, the ablation of reverse transcriptase activity prevents all de novo virus expression in target cells, including YFP fluorescence. aa, amino acids. when indicated. Where indicated, cells were activated with Dynabeads human T-activator CD3/CD28 (Invitrogen), per the manufacturer's instructions, for the amount of time indicated. IL-2 (50 U/ml; obtained from NIH) was added 24 h after bead stimulation.
Infections. Virus stocks were filtered (0.45 m) and then treated with Benzonase (Novagen; 50 U/ml, 30 min, 37°C) to eliminate contaminating plasmids. Virus titers were determined by TaqMan reverse transcriptionquantitative PCR (RT-qPCR) for HIV-1 RNA (target in integrase) and normalized to 125 to 320 ng p24gag equivalents per million cells. Infections were performed by spinoculation (4) in the presence of 5 g/ml DEAE-dextran (Sigma) for 2 h at 1,200 ϫ g and 37°C. T cells were then washed twice and placed back in culture. Mock infections were performed identically in the absence of the virus inoculum. Antiviral treatments included efavirenz (EFV; 3 M), zidovudine (AZT; 5 M or as indicated), and raltegravir (RAL; 1 M). All antiretrovirals were obtained from the NIH AIDS Research and Reference Reagent Program. In some experiments, cells were treated with staurosporine (BioVision; 1 M) or deoxynucleosides (50 M).
Survival. In most experiments, T cell survival was assessed by flow cytometry using forward and side scatter parameters and 7-aminoactinomycin D (7AAD) staining. 7AAD (BD Pharmingen; 10 g/ml) was added 15 min prior to flow cytometer acquisition.
Annexin V/SYTOX staining. Annexin V Pacific Blue (Invitrogen) staining was performed per the manufacturer's instructions and followed by SYTOX AADvanced dead cell stain (Life Technologies) incorporation. SYTOX functions similarly to 7AAD by incorporating into the DNA of permeable cells.
Cytochrome c release assay. Mitochondrial depolarization was assessed by intracellular staining for cytochrome c as previously described (33) . Briefly, cell plasma membranes were permeabilized with digitonin for 3 to 5 min to eliminate cytoplasmic but not mitochondrial cytochrome c. Cells were then immediately fixed with 4% paraformaldehyde (PFA) and subsequently stained in a saponin-containing buffer with a fluorescein isothiocyanate (FITC)-conjugated anti-cytochrome c antibody (eBioscience; 2B5).
Caspase activation detection. Activated caspase 3/7 was stained using a CellEvent caspase-3/7 green flow cytometry assay kit (Life Technologies) per the manufacturer's instructions, followed by Sytox staining. Caspase 1 activation was measured using the FLICA 660 caspase 1 assay (ImmunoChemistry Technologies) per the manufacturer's instructions, and measurement was followed by 4=,6-diamidino-2-phenylindole (DAPI) staining (Life Technologies).
Cell cycle analysis. Cells were stained for DNA and RNA content by 7AAD-pyronin Y (PY) staining as previously described (34, 35) . For these experiments, we infected T cells with the HSA reporter HIV-1 instead of GFP reporter HIV-1, as cytosolic GFP fluorescence is lost during the saponin permeabilization step. Surface HSA expression was detected by staining with anti-mCD24 (M1/69; BD Pharmingen) prior to PY-7AAD staining. For PY-7AAD, 1 ϫ 10 6 cells from each condition were stained. Permeabilization was performed with 0.02% saponin, and cells were successively incubated with 10 g/ml 7AAD, 10 g/ml actinomycin D, and 0.1 mg/ml PY.
PCR methods for quantification of HIV-1 DNA and RNA. All methods, including those using primers and TaqMan probes, have been previously described (4, 30) . Briefly, DNA from cells was purified using the DNeasy blood and tissue kit or the AllPrep kit (Qiagen). Cell-associated RNA and viral RNA in culture medium were prepared using the RNeasy kit (Qiagen). DNA was analyzed using the QuantiTect probe PCR kit (Qiagen), and RNA was analyzed by RT-qPCR using the QuantiTect probe RT-PCR kit (Qiagen). Integrated HIV-1 was detect by Alu PCR as described previously (4) .
RESULTS
Common gamma-chain cytokine treatment is sufficient for the survival and productive HIV-1 infection of resting CD4 T cells. Resting peripheral blood CD4 T cells were isolated by negative selection from HIV-1-negative donors (4), infected with the HIV-1 NL4-3-derived GFP reporter virus pseudotyped with HIV-1 Envelope (Fig. 1A) (36) , and then monitored for GFP expression and survival over 7 days (Fig. 2) . In order to test the ability of IL-7 to influence productive infection, cells were infected, then divided into separate wells, and then treated once with low-dose IL-7 (2 ng/ml) at different times after infection or with nothing. IL-7 increased the number of productively infected cells, as has been previously demonstrated (4, 18, 19) . In the absence of IL-7, 2% of the initial population of T cells became GFP positive, whereas 16.9% of the cells became GFP positive when treated with IL-7 on day 0. While the yield of GFP ϩ cells decreased progressively when IL-7 treatment was delayed, more than 65% of the maximum was still obtained when IL-7 was added 2 days after infection ( Fig. 2A to C) . Similar results were obtained using another common gamma-chain cytokine, IL-4, albeit with slightly less efficiency (Fig. 2D) .
In the same experiment, we also analyzed the influence of IL-7 on cell survival measured using cell morphology (scatter profile) and 7AAD incorporation ( Fig. 2B and C). Uninfected and untreated cells remained 80% viable over 7 days in culture, while IL-7-treated uninfected cells remained Ͼ95% viable ( Fig. 2B and C). When T cells were infected in the absence of cytokines, a sharp drop in cell survival was observed between days 2 and 4 postinfection. When T cells were treated with IL-7 on the day of infection (day 0), viability was restored to the level of uninfected IL-7-treated cells. Death in infected cultures began prior to the maximum number of GFP ϩ cells emerging, suggesting that cell killing was triggered by early replication events. IL-7 treatment at later days was able to abort the ongoing cell death, indicating that the killing mechanism was reversible. Similar results were again obtained using IL-4, but also with somewhat lower efficiency (Fig. 2D) .
Importantly, IL-7 protection preserved the viability of both the GFP-positive and -negative cells in the infection cultures, suggesting that cell death was happening in cells destined for either productive or nonproductive infection. In fact, most of the HIVinduced cell death in cultures treated with IL-7 after day 3 was in cells which would never have become productively infected (i.e., a reduction in the height of the black portion of the bars in Fig. 2C ). When looking at the effect of IL-7 on T cell cycle progression using pyronin Y and 7AAD staining, 78% of the cells were still in G 0 , versus essentially all untreated cells remaining in G 0 (Fig. 3) . Importantly, there was no difference in cell cycle status between cells expressing and cells not expressing HIV-1, which held true for both untreated and IL-7-treated cells. Control cells treated with anti-CD3/CD28 beads after infection became activated, and the productively infected activated cells were enriched in the G 2 /M phase, consistent with cell cycle arrest by Vpr (37, 38) .
The percentage of cells productively infected in the absence of cytokine was variable among donors, ranging from 2.1% to 6.6%. Interestingly, the reducing agent ␤-mercaptoethanol, which we add to culture medium to extend the life of labile factors such as cytokines, had a positive effect on productive infection in both the presence and absence of cytokine treatment (Fig. 4A) . We also examined the specific survival of naive and memory T cell subsets after 5 days of infection based on the expression of markers CD45RO, CCR7, and CD62L (Fig. 4B) . We observed that all the subsets generated productively infected cells in the absence of cytokine and that IL-7 enhanced both productive infection and cell survival. Memory subsets (CD45RO ϩ ) were more infectible in the absence of cytokine than were naive (CD45RO Ϫ ) cells, especially effector memory cells (CD45RO ϩ CCR7 Ϫ and CD45RO
HIV-1-induced apoptosis of peripheral blood resting CD4 T cells.
We next asked what mechanism was driving resting CD4 T cell death in this system. The rapid decrease in the cell size ( Fig.  5A ) and early exposure of phosphatidylserine ( Fig. 5B) suggested that the cells were undergoing classic apoptosis. We then examined cytochrome c release from mitochondria ( Fig. 5C ), observing a clear reduction in staining as an indication of intrinsic apoptosis induction. Activitation of caspase 3/7, the common effector caspases that are activated downstream of cytochrome c release, was also induced (Fig. 5D ). We observed a clear subset of cells positive for active caspase 3/7 in the absence of cell membrane permeabilization (DNA labeling by SYTOX), demonstrating that caspase activation preceded membrane permeability, a further indication that the infected cells were undergoing classic apoptosis.
However, we were not successful in our attempts to block T cell death with inhibitors of caspase 3 and 9 activation (not shown), and the pan-caspase inhibitor Z-VAD-fmk was extremely toxic to the cells in our system (not shown). Caspase 1-dependent pyroptosis has recently been demonstrated to be triggered by abortive reverse transcripts following infection of tonsil cell cultures (43, 63) and gut lamina propria CD4 T cells (39) . We tested caspase 1 activation by flow cytometry, observing a consistent activation of caspase 1 in dying cells and importantly also in control cells induced to apoptosis by staurosporine (Fig. 5E ). Caspase 1 activation was observed only in cells already positive for phosphatidylserine externalization and cell shrinkage (Fig. 5F) ; thus, caspase 1 activation was a downstream event, not an initiator of the programmed cell death observed. Consistent with this conclusion, caspase 1 inhibitors (Z-WEHD-fmk and Z-YVAD-fmk) were incapable of blocking HIV-1-induced T cell death (not shown).
IL-7 treatment at the time of infection substantially reduced the HIV-induced increase of all indicators of apoptosis. Infected and mock-infected cells treated with IL-7 were also very similar, with only an HIV-induced increase in DNA staining observed between these two conditions. CGCC are known inducers of the antiapoptotic factor Bcl-2 (14, 16, 40, 41) , which blocks the mitochondrial pathway of apoptosis, and as expected, IL-7 and IL-4 upregulated Bcl-2 expression, with IL-7 increasing Bcl-2 more than 3-fold and IL-4 increasing expression by 1.9-fold as measured by flow cytometry (data not shown). Cytokine-induced modifications of the balance of pro-and antiapoptotic Bcl family molecules are likely effectors for the survival effect observed here (14, 40) . The inhibition of Stat5 and phosphatidylinositol 3-kinase (PI3K), two important signaling pathways downstream of the IL-7 receptor, did not interfere with the protective effect of IL-7 (not shown). Further investigation will be required to understand the precise survival mechanisms induced by these cytokines.
Identification of RT-dependent and Vpr-dependent apoptosis. We next investigated which components of HIV-1 infection lead to resting CD4 T cell death. Recently, it has been shown that the process of integration into activated T cells can trigger apoptosis and that inhibiting integration with raltegravir blocks this cause of cell death (42) . We tested raltegravir in our system, finding that it did not increase cell survival (Fig. 6A) . Addition of the nonnucleoside RT inhibitor efavirenz (EFV) at the time of infection (hour 0) prevented most but not all HIV-1-induced cell death (Fig. 6B) , suggesting that reverse transcripts were also a major trigger of HIV-1-induced T cell death, though not the only inducers. Interestingly, addition of the nucleoside RT inhibitor zidovudine (AZT) at a conventional dose (5 M) was very inefficient in preventing HIV infection of resting CD4 T cells (Fig. 6C ) and failed to prevent HIV RT-induced cell death. Intensification of AZT treatment by 50-fold (250 M) to near-toxic concentrations could reduce the productive infection and partially protect the cells.
In order to further characterize the cell death induced by HIV-1 infection, we performed a time course of EFV addition after infection (Fig. 6B) . Addition of EFV 24 h after infection failed to block most of the RT-dependent cell death but did block all GFP expression. Since GFP expression depends upon completion of reverse transcription, this is a strong indication that very few to no genomes had completed reverse transcription by 24 h. From this, we infer that incomplete RT products were sufficient to trigger this component of cell death, consistent with the death of abortively infected resting tonsil CD4 T cells (43) . After 72 h of infection, EFV could not rescue cell death but could decrease GFP expression compared with no EFV treatment (0.4% versus 1.4% GFP ϩ cells), indicating that even at this late time point most reverse transcription was still incomplete.
Next, we investigated the cause of the component of cell death that was not dependent on reverse transcription. A likely candidate was HIV-1 Vpr (for a review, see reference 44). Cell death induced by Vpr is usually associated with its effect on cell cycle arrest in proliferating cells, but this has also been described in nonproliferating cells (45, 46) . We infected cells with a panel of 4 viruses that delivered virion-associated Vpr, functional RT, both together, or neither (Fig. 6D) . The Vpr mutant virus that contains no virion-associated Vpr induced cell death, but less than the virus which delivered both Vpr and RT. Addition of EFV completely prevented all cell death induced by this virus (Fig. 6D, arrow) . In an additional experiment, we increased the virus dose, resulting in a stronger infection and more cell death caused by the ⌬Vpr virus; nevertheless, all HIV-1-induced cell death was still prevented by EFV (Fig. 6E) . A ⌬RT ⌬Vpr double mutant induced no cell death compared with mock-infected T cells, confirming that Vpr and reverse transcription were the key components for HIV-1-induced cell death in resting peripheral blood CD4 T cells. Importantly, treatment with IL-7 rescued cells from both RT-and Vprdependent cell death (Fig. 6D) .
Cytokine rescue does not require completion of reverse transcription. As stated above, abortive reverse transcription can trigger cell death in resting tonsil (43) and lamina propria (39) CD4 T cells, and our results demonstrate that reverse transcription is also toxic to peripheral blood CD4 T cells. However, it remains to be tested whether agents which facilitate reverse transcription reduce cell death (tested in Fig. 8) , and whether agents such as cytokines which inhibit cell death depend upon facilitating completion of reverse transcription, or if they can protect cells in the presence of abortive reverse transcripts. To test the latter idea, we investigated the influence of IL-7 on cell survival in the presence of abortive reverse transcripts. As we inferred from Fig. 6B , EFV at 24 h postinfection resulted in abortive reverse transcription, seen here both as a reduction in early reverse transcripts and most profoundly as a reduction in complete reverse transcripts (Fig. 7A) , resulting in cell death as observed in Fig. 6B (Fig. 7B) . (The effects of IL-7 on RT kinetics are further investigated in Fig. 8 .) IL-7 treatment resulted in a modest increase in completed reverse transcripts; however, a direct effect on the process of reverse transcription is difficult to infer because of the confounding influence of IL-7 on infected cell survival. Unsurprisingly, IL-7 did not overcome the block to reverse transcription imposed by EFV; however, IL-7 completely rescued cells from death whether or not reverse transcription was aborted with EFV (Fig. 7B) . Thus, the protection from cell death provided by IL-7 was independent of the efficiency or completion of reverse transcription.
Influence of enhancing reverse transcription on infection and cell death. It has been recently demonstrated that the cellular protein SAMHD1, which is constitutively expressed in several nondividing cell types such as monocytes/macrophages (47), dendritic cells (48, 49) , and resting CD4 T cells (50) , functions as a restriction factor against retroviral infection by limiting the efficiency of reverse transcription. This effect was initially associated with the capacity of SAMHD1 to deplete the intracellular deoxynucleoside triphosphate (dNTP) pool, although, or in addition, it has recently been found that SAMHD1 RNase activity directly degrades retroviral cDNAs (51) . Vpx, an accessory protein present in HIV-2 and most simian immunodeficiency viruses but absent from HIV-1, is capable of inducing SAMHD1 degradation and enhancing reverse transcription (52) . Delivery of Vpx in trans via coinfection of cells with HIV-1 and virus-like particles (VLPs) containing SIVmac239 Vpx protein greatly enhances productive HIV-1 infection of myeloid cells (53) as well as resting CD4 T cells (50, 54) .
Here, we were interested in whether the facilitation of HIV-1 RT efficiency by Vpx would influence HIV-1-induced cell death in resting peripheral blood CD4 T cells. We constructed an HIV-1-based virus-like particle (VLP) lacking both reverse transcriptase activity and Vpr expression and which also contained a modified p6Gag protein (31) to incorporate SIVmac239 Vpx in the virions (Fig. 1D) . This VLP can bind and fuse to CD4 ϩ CXCR4 ϩ cells and deliver Vpx protein but will not undergo reverse transcription or generate HIV proteins or yellow fluorescent protein (YFP) in target cells. We observed that coinfection of resting CD4 T cells with the Vpx VLP accelerated the appearance of GFP ϩ cells by 1 day and increased the total production of GFP ϩ cells severalfold (Fig.  8A) . As in Fig. 2 , IL-7 also increased the production of GFP ϩ cells but not the kinetics of their first appearance. IL-7 further increased the production of GFP ϩ cells in the Vpx ϩ infections. Importantly, the production of late reverse transcripts (Fig. 8B ) and 2-long-terminal-repeat (LTR) circles, which are generated in the nucleus and function as a measure of nuclear import of the preintegration complex (Fig. 8C) , were greatly accelerated by Vpx, while IL-7 had no further influence on reverse transcription in the Vpx infection. Although IL-7 alone induced an increase in the number of late reverse transcripts and 2-LTR circles, this may be due to its survival promotion rather than an influence on the process of reverse transcription. This would be consistent with the initial appearance of these DNA species being unaffected by IL-7. One clear inference to be made here is that the mechanisms of infection enhancement by IL-7 and Vpx are therefore complementary rather than overlapping. Prior studies of the effects of Vpx on HIV-1 infection have typically employed endpoint analysis to reveal increased yields of productively infected cells, while here we employed kinetic analysis to reveal an acceleration in the completion of reverse transcription in the presence of Vpx.
Despite this strong improvement of HIV-1 reverse transcription, HIV-1-induced cell death was also observed in the presence of Vpx (no IL-7), including both RT-dependent (reduced by 31% compared to that in the absence of Vpx, P ϭ 0.031) and Vprdependent (statistically identical, P ϭ 0.21) components ( Fig. 8D  and E) . The reduction in RT-dependent cell death and increase in productively infected T cells observed in the presence of Vpx treatment seem likely to be a result of increased RT completion; however, IL-7 was able to further increase the productive infection of Vpx-treated cells, indicating that many cells destined for productive infection were still dying. Similar results were obtained by applying deoxynucleosides (dNs) at the time of infection to enhance reverse transcription (Fig. 8F) (55) .
DISCUSSION
Despite being considered to harbor a significant viral reservoir contributing to HIV-1 rebound after cessation of antiretroviral therapy (56) , resting peripheral blood CD4 T cells have been historically observed to be resistant to direct HIV-1 infection in vitro (8, 9, 57, 58) . This resistance occurs at several levels, including the presence of restriction factors, which lowers reverse transcription efficiency; a low dNTP concentration, which also reduces reverse transcription kinetics; cytoskeletal actin/cofilin inhibition; and other downstream events which occur less efficiently in resting CD4 T cells. Progression of T cells to the G 1b cell cycle phase was initially considered necessary for completion of reverse transcription and productive infection (18, 57) . However, it has subsequently been demonstrated that productive infection of quiescent peripheral blood CD4 T cells in G 0 -G 1a can proceed, though at considerably lower speed and efficiency than those of activated T cells (5, 59, 60) . We confirm this and observe that completion of HIV-1 reverse transcription in resting CD4 T cells peaked around 2 to 3 days postinfection in cells in G 0 -G 1a and that productive infection, measured by GFP expression, peaked after day 3. This is very slow in comparison to the infection of activated T cells or T cell lines, where completion of reverse transcription, nuclear import, and integration can all be detected within a few hours of infection (58) . Addition of a low dose of IL-7 after infection had very little effect on RT kinetics, but it did increase the yield of RT products and GFP ϩ cells, which we attribute primarily to a reduction in cell death (discussed below). Thus, we did not observe any correlation between HIV-1 early expression and cell cycle progression, such that cells clearly still in G 0 or G 1a were infected and became GFP ϩ . The enhancement of reverse transcription and overall infection efficiency by Vpx without IL-7 further argues that cell cycle progression per se does not determine permissiveness to infection.
In a study of IL-7, resting CD4 T cells, and HIV infection, Ducrey-Rundquist et al. observed a correlation between T cell cycle progression to G 1b induced by mitogenic levels of IL-7 and productive infection. However, this particular study employed 
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Ϫ viruses pseudotyped with the vesicular stomatitis virus envelope G protein (VSV-G) (18) . It has since been demonstrated that VSV-G is not suitable for infection of cells lacking the lowdensity lipoprotein (LDL) receptor for VSV-G, including resting CD4 T cells (61, 62) , so it is likely that VSV-G pseudotyping favored the infection of cells that were stimulated beyond G 0 . In our experiments, we employed only viruses bearing HIV-1 Envelope (CXCR4-tropic) and we treated the cells only after infection and with a submitogenic dose of IL-7, thus limiting its effect on cell cycle progression, especially during the first days, when the fate of the cells and of infection is decided (4) . It has been observed that IL-7 promotes generation of infectious virions in resting CD4 T cells, enhancing env expression (5). In our present work, we were not concerned about the overall replicative capacity of HIV-1 within resting CD4 T cells but rather the events leading to productive infection. It is possible that IL-7 enhancement of cellular resistance to viral toxicity contributes to the reported increase in infected cells and viruses expressing HIV-1 envelope (5).
The major effect of IL-7 was to prevent cell death induced by HIV-1 infection, both the Vpr-induced and reverse transcriptioninduced components, which we showed to result in apoptosis. Importantly, the survival effect of the cytokine treatment increased both the fraction of productively infected cells (GFP ϩ cells) and the survival of GFP-negative cells bearing genomes that did not express viral proteins. This enhancement of the viability of all cells is potentially important, as it suggests that factors such as IL-7 and IL-4, which promote infection through viability enhancement, may contribute to the establishment of the latent reservoir. Further, care should be taken if attempts are made to suppress HIV-1-induced "bystander" killing of nonproductively infected cells using cytokines (63) , as enhancement of latent reservoirs might be an unintended consequence (3-7). The protection conferred by cytokines in vitro coincides with the observation that lymphoid organs and mucosa provide a privileged environment for HIV-1 infection in resting T cells. It remains to be determined what the capacity of peripheral blood resting T cells is to support HIV-1 infection in vivo. Indeed, the first 2 to 3 days of in vitro culture imposed on isolated peripheral blood T cells in the absence of cytokine may prime them for an increased sensitivity to HIV-1 infection-induced cell death.
T cell death is a major hallmark of both acute/primary HIV-1 infection and the progression to AIDS, and productively infected T cells have a short half-life in vivo as a result of multiple mechanisms of elimination, including cytotoxic T-lymphocyte (CTL) killing and the expression of toxic proteins (64) . The cell death that we examined did not result from productive infection but was still observed when reverse transcription was interrupted 1 day after infection, prior to its completion. The death that we observed rather resembles bystander HIV-1-induced cell killing, a phenomenon first reported by Finkel et al., who showed, in lymph node sections from both human and macaque, that the majority of the dying cells were not productively infected (negative for viral mRNA) (23) . One major mechanism for bystander T cell killing by HIV-1 results from expression of Env glycoprotein on the surface of infected cells, which can induce T cell death through its interaction with CD4 and coreceptors on uninfected cells (reviewed in references 27 and 65). This type of T cell death is likely to be particularly relevant in late stages of HIV-1 infection and is most highly associated with late-stage CXCR4-tropic viruses (66) . In contrast, in our model, infection with cell-free viral particles bearing gp120 Env but lacking RT activity and virion-associated Vpr proteins did not induce cell death, as far as we could measure. More recently, it was also shown that cytotoxicity can be associated with integration-induced DNA damage response in activated T cells (42) , a process inhibited by the integrase inhibitors such as raltegravir. Again, in our model we did not see any protection by raltegravir. It is possible that the quiescent state of resting T cells maintains a limited DNA damage response (67) (68) (69) which is sufficient to protect them from HIV-1 integration-induced cell death.
We observed cell death caused by two factors: reverse transcription and virion-associated Vpr. Elimination of these two factors removed all measurable resting peripheral blood CD4 T cell killing by HIV in the first few days after infection. This is not to say that HIV infection and the associated late-stage gene expression were not cytopathic but that up to and including integration, reverse transcription and virion Vpr were the drivers of cell death. Vpr is a multifunctional HIV-1 protein and has been associated with various effects on HIV-1 infection processes as well as the induction of cell cycle arrest (70) in the G 2 /M phase and cell death by apoptosis (46, 71; reviewed in reference 44). The cytotoxic effect of Vpr is often correlated with its antiproliferative capacity (71, 72 ; reviewed in reference 73), although a recent study segregated these functions (74) . We have recently demonstrated that after infection of resting CD4 T cells, Vpr blocks activation-induced proliferation (4), which we attribute to de novo Vpr synthesis (unpublished data). Virion Vpr can induce apoptosis in primary activated T cells (32, 75) , and apoptosis can also be induced by extracellular Vpr on unstimulated T cells (76) . Here, we demonstrate a direct cytopathic effect of virion-associated Vpr in resting, nonproliferating CD4 T cells. One identified pathway for Vpr cytopathicity is direct disruption of mitochondrial membrane potential, release of cytochrome c and apoptosis-inducing factor (AIF), followed by caspase 9 activation (32, 76) . These effects can be relieved by Bcl-2 (76). This effect is compatible with our observations (cytochrome c release) and with the idea that IL-7 can rescue Vpr-induced cell death. In the present study, we observed that common gamma-chain cytokines IL-7 and IL-4 protect resting CD4 T cells from this Vpr-induced cell killing.
The Greene group has reported a novel form of HIV-1-induced cell death in tonsil CD4 T cells, implicating the detection of HIV-1 cDNA by the cytosolic receptor IFI16 (77) and the subsequent activation of a caspase 1-dependent inflammatory response triggering death by pyroptosis (43, 63) . Steele et al. have reported HIV-1-induced pyroptosis of gut lamina propria cells (39) . The former study contains several similarities to ours, including protection from cell death by a nonnucleoside RT inhibitor such as efavirenz. Doitsh et al. also observed that the nucleoside RT inhibitor AZT favored the production of partial RT products and did not protect resting CD4 T cells from cell death. In our hands, AZT was inefficient at blocking primary HIV-1 infection of resting peripheral blood CD4 T cells. As AZT is poorly effective in some nonproliferating cell types such as monocytes (78) , due to inefficient phosphorylation, this could be occurring in resting CD4 T cells as well. While Doitsh et al. observed pyroptosis in tonsil cells, we observed only features of conventional apoptosis in peripheral blood T cells, and we were unable to protect cells with caspase 1 inhibitors. Rather, we observed cytochrome c release and caspase 3/7 activation. However, inhibition of caspase 3 or caspase 9 alone did not protect the cells, suggesting redundant signaling in the cell death program induced by HIV-1. The fact that IL-7 (and IL-4) prevented this cell death suggests that the cell death program triggered by HIV-1 relies primarily on a mitochondrial apoptotic pathway. Indeed, CGCC can promote survival by influencing the levels of the Bcl-2 family members and prevent mitochondrial depolarization and all subsequent death programs. We see at least two possible explanations why resting peripheral blood CD4 T cells do not undergo cell death by pyroptosis. First, peripheral blood CD4 T cells do not constitutively express IFI16 (79) . Second, it has been reported that cytosolic DNA detection in monocytes can lead to both apoptosis and pyroptosis (80) . Pyroptosis was triggered only with relatively larger amounts of DNA (within the context of their system). In fact, recent work indicates that induction of pyroptosis in tonsillar cells requires delivery of multiple viral particles via cell-cell transmission, indicating that strong detection is required for triggering (81) .
Finally, Vpx, which enhanced the kinetics of reverse transcription, the generation of completed genomes in resting CD4 T cells, and overall productive infection, did so with only a minor reduction in RT-dependent cell death. If specifically abortive reverse transcripts are driving RT-dependent cell death, then it might be expected that the enhancement by Vpx would reduce cell death to a greater extent than what we observed. On the other hand, cells are likely to be penetrated by more than one virus undergoing reverse transcription. Thus, it is possible that both abortive and completed reverse transcripts coexist in cells and that the abortive transcripts drive apoptosis induction even when more reverse transcripts can be completed. Importantly, then, cytokine treatment and Vpx have distinct and additive effects contributing to productive infection, and cell death and RT efficiency are 2 separate factors restricting HIV-1 infection in resting blood CD4 T cells. After the present study was submitted, Muñoz-Arias et al. published a study (79) showing that blood-derived resting CD4 T cells are resistant to pyroptosis and other forms of cell death owing to poor reverse transcription and lower expression of IFI16. The differences in findings between the present study and that by Muñoz-Arias et al. are likely to reflect important differences in the systems employed. Whereas we infected cells using cell-free virions, Muñoz-Arias et al. employed coculture of virus-producing activated peripheral blood lymphocytes (PBLs) or HEK293 cells with resting target cells. It is not clear how these cocultures affect target cell resting status or if factors produced by the activated PBLs or HEK293 cells could protect the cells similarly to cytokines in our system.
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